The challenge of the Human Genome Project is to increase the rate of DNA sequence acquisition by two orders of magnitude to complete sequencing of the human genome by the year 2000. The present work describes a rapid detection method using a two-dimensional optical wave guide that allows measurement of real-time binding or melting of a light-scattering label on a DNA array. A particulate label on the target DNA acts as a light-scattering source when illuminated by the evanescent wave of the wave guide and only the label bound to the surface generates a signal. Imaging/visual examination of the scattered light permits interrogation of the entire array simultaneously. Hybridization specificity is equivalent to that obtained with a conventional system using autoradiography. Wave guide melting curves are consistent with those obtained in the liquid phase and single-base discrimination is facile. Dilution experiments showed an apparent lower limit of detection at 0.4 nM oligonucleotide. This performance is comparable to the best currently known fluorescence-based systems. In addition, wave guide detection allows manipulation of hybridization stringency during detection and thereby reduces DNA chip complexity. It is anticipated that this methodology will provide a powerful tool for diagnostic applications that require rapid cost-effective detection of variations from known sequences.
Sequencing by hybridization (SBH) is a revolutionary technique for the generation of nucleic acid sequence information (1) (2) (3) (4) (5) (6) . A single hybridization experiment allows examination of a large number of different sites on a DNA molecule. Diagnosis of several human genetic conditions such as Duchenne muscular dystrophy (7, 8) or cystic fibrosis (9) will require the resolving power of an SBH type system to determine the mutation associated with the disease state in a cost-effective manner. One case in point is cystic fibrosis where >300 mutations have been identified (10) .
SBH uses a large number of oligonucleotides immobilized in a high-density two-dimensional array and is particularly suited to multiplex applications. Such a device has been called a "DNA chip" analogous to the high-density circuits produced by the electronics industry (11, 12) . A sample of unknown DNA is applied to the chip and the pattern of hybridization is determined and analyzed to obtain sequence information (13, 14) .
Most of the DNA hybridization detection methods employed thus far use radioactive (15) (16) (17) (18) (19) (20) , enzyme-based chemiluminescent (21) , or fluorescent (22) labels. Detection and measurement can be accomplished with phosphor systems (23) or, for the latter two labels, with charge-coupled device (CCD) cameras (24) , cooled CCD cameras, image intensifiers coupled to CCD cameras, or a photomultiplier tube coupled with mechanical raster scanning (12, 25) . In a typical SBH experiment, a labeled DNA sample is applied to the chip to allow
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hybridization. Excess label/DNA may be washed from the chip surface to minimize background. By use of a confocal microscope, the measurement of the fluorescent light is confined to the surface of the chip and the washing step is not required (26) . Because the amount of fluorescent label on the surface of a chip is quite low, the time required to scan the array is on the order of 1 min. Such integration times are also typical for cooled CCD camera systems. Much higher DNA densities can be achieved by using a gel matrix and in this case the fluorescent signal can be read at standard speed with a lowsensitivity CCD camera (24) . However, the gel system affects the kinetics of hybridization/melting through multiple binding events in the three-dimensional matrix of immobilized DNA and requires a washing step (27) .
Melting curves could provide an additional dimension to the system and allow differentiation of closely related sequences, a concern in implementation of SBH technology (28) . The ability to change temperature and monitor the chip hybridization patterns would also be useful in cases where there is a wide variation in GC content and may obviate the need for agents like tetramethylammonium chloride (17 in deionized water. Slides were then treated with 1% glycidoxypropyl silane (Aldrich) in 95% ethanol (pH adjusted to 5.5 with sulfuric acid) for 1 h. Excess silane was removed by dipping the slide in 95% ethanol for 1 min, and the slide was dried by baking at 150°C for 20 min. Silane-treated slides were cooled and stored in an argon-filled desiccator until use. The 3'-amino linked oligonucleotides (Table 1) from Synthecell were diluted to 50 ,ug/ml in PBS (10 mM sodium phosphate, pH 7.4/120 mM NaCl/2.7 mM KCl; Sigma), placed as 1-,l drops on the slides, and allowed to dry. After at least 1 h, the slides were rinsed and stored in TE (TE = 10 mM Tris HCl, pH 7.5/0.5 mM EDTA). DNA density was 30-300 molecules per ,um2 as determined by autoradiography with oligonucleotides of known specific radioactivity.
DNA chips for wave guide detection were constructed by using presynthesized 3'-amine-labeled oligonucleotides obtained from Synthecell or Genosys. Glass substrates (no. 2 microscope cover slides, Corning, or equivalent) were cleaned by soaking in 2 M NaOH for 1 h followed by rinsing with HPLC grade water (Fisher). The glass was protein-coated by application of 0.05% casein (Abbott) for 1 min. The casein solution was flushed from the surface by using a wash bottle. The 3'-amine oligonucleotides were rehydrated with 50 ,lI of water (Table 1 ) and then diluted 1:20 into PBS for spotting onto the casein-coated slides. The oligonucleotide solutions were applied to the slide with a pipette in a 0.5-,l spot or by dipping the flat end of a drill blank "pin" (HSS 67, Hayden Twist Drill, Warren, MI) into the DNA solution and touching it to the slide surface. The latter procedure was automated by using an X-Y-Z table (Asymtek). After drying, the excess DNA was washed from the chip. In some cases a second glass slide was fixed to the wave guide to form a channel that holds the sample or conjugate solutions (Fig. 1A) .
Selenium Colloid and Conjugate. Selenium colloid was produced by addition of 4 ml of 1% sodium ascorbate (Sigma) to 200 ml of boiling water followed by addition and rapid mixing of 2 ml of 1% selenium dioxide (Aldrich) (32) . The colloid used in these studies had a particle size of -0. 2 5'-GCTCATTGACCTCCA-3'-biotin 225 Sequence identification number, sequence, and DNA concentrations obtained from the vendor are shown. DNA chips were constructed with 15-mer oligonucleotides to detect three mutations involved in cystic fibrosis. Note sequences 1 and 2 have little in common with sequences 3-9. Three human genetic mutations involved in cystic fibrosis are indicated in parentheses by standard notation. AF508 indicates a 3-bp deletion that results in removal of Phe-508 of the cystic fibrosis transmembrane conductance regulator polypeptide (31) . The G -* A change at codon 551 results in a change from Gly to Asp (G551D) and the C --T change results in a stop codon in place of the normal codon for Arg (R553X) (16) . WT indicates the wild-type or normal sequence at each position. For each single mutation, the wild-type sequence was also present on the chip. In addition, sequence 7 contained a double mutation. While not physiologically relevant, the double mutation was included to evaluate chip performance. Complementary oligonucleotides [11] [12] [13] [14] [15] [16] [17] [18] [19] for 32P-end-labeling and oligonucleotides 21B-29B with 3'-biotin labels for wave guide detection were synthesized. Fig. 2 .
The DNA sequences 1-9 were used to form 3 x 3 arrays of capture sites. Each of the complementary sequences were incubated with a chip and the hybridization patterns were detected by using autoradiography or the optical wave guide (Fig. 2) . The patterns of hybridization were similar for the two detection methods. In most cases the wave guide signals were visible as soon as the selenium conjugate solution covered the chip. Incubation of conjugate for periods longer than -5 min did not result in an appreciable increase in signal intensity at any of the spots.
Only DNA complementary to zones 1 and 2 gave simple hybridization patterns. The other more complicated patterns for hybridizations [23] [24] [25] [26] [27] [28] [29] are consistent with the sequence homologies and each pattern is indicative of the particular target. By using the equation described in the program OLIGO 4.0 (National Biosciences, Plymouth, MN), the theoretical melting temperatures (33) were computed and are displayed in Table 2 . There is a qualitative correlation between the theoretical melting temperatures (Table 2 ) and the hybridization patterns (Fig. 2) . Apparently, pattern analysis of chips with multiple probes of different effective lengths, sequences, and therefore, different hybridization constants is a method of resolving targets that differ by one or two bases.
Hybridization under low-stringency conditions does not allow for discrimination of single-base mutations when analysis is limited to the wild-type and mutant probes; compare zones 3 and 4 when hybridized with sequence 23B or 24B and zones 5 and 6 when hybridized with sequence 25B or 26B. The single-base change in the middle of a 15-mer results in similar binding to both the exact matching and the mismatched zones when hybridization is carried out at room temperature. Fig. 3 shows the results of an experiment in which a single-base change can be resolved with a two-zone chip in -5 min via melting. DNA chips with two spots, sequences 3 and 4, were hybridized with sequence 23B or 24B, so that in each case an exact match and a single-base mismatch was present. The wave guide scattering signals appeared in a matter of seconds after application of the selenium conjugate and stopped increasing after 2-3 min. Some of the initial increase can be seen in the data for sequence 24B (Fig. 3) as heating was initiated before signal development stopped. Since DNA was already hybridized, the initial increase in light scattering was due to the binding of selenium conjugate to the biotinylated DNA captured on the wave guide surface. As the DNA duplex dissociates, the attached selenium conjugate diffuses out of the evanescent wave and the scattering signal decreases. In each experiment, the exact matching zone (i.e., zone 3 for 23B and zone 4 for 24B) displayed the higher melting temperature and was the last to disappear. Our interpretation of this data is that the DNA duplex is the most thermal-labile noncovalent interaction in the system.
The melting temperature was estimated as the midpoint between the high and low points of the transition. Table 3 shows the chip results compared with the analogous experiments in liquid at two ionic strengths. The chip melting temperatures correlate with the liquid melting temperatures for 15.4 mM and I M NaCl conditions, albeit 10°C different in each case. Both the chip and liquid melting curves show a greater difference in the effect of the mismatch for the 23B hybridization than for the 24B hybridization as expected from the relatively stable mismatch.
Sensitivity of the wave guide system was estimated by incubation of sequence 23B with a DNA chip containing two sequence 3 spots and two sequence 1 spots in a cross-diagonal pattern with 0, 0.4, 4.0, and 40 nM DNA. At 0.4 nM DNA, a signal could just be seen/detected at zone 3. Except at the highest concentration, no measurable signals at the sequence 1 capture zones were observed and the zero concentration of sequence 23B was not detectable at zone 3. Digital analysis gave an average signal minus background of 7 gray levels for the 0.4 nM spot compared to ±2 gray levels for background variation in the zero concentration. Thus, 0.4 nM is an approximate limit of detection (defined by a signal >2 standard deviations above the mean background signal). It is likely that sensitivity could be increased by increasing the conjugate concentration.
DISCUSSION
The fluorescent oligonucleotide concentration that was reported in the evaluation of the Affymetrix photolithographically produced DNA chips, with confocal microscopy was 10 nM (12) . A wave guide signal sufficient for single-base discrimination has been generated between 4 and 40 nM DNA and is, therefore, comparable to a fluorescence signal system. The pin/spotting method did not create a sufficiently uniform capture zone for further quantitative analysis.
The use of the optical wave guide readout has significant advantages over fluorescence readout with confocal microscopy (12) , which is regarded as the current "gold standard." The readout is essentially instantaneous with real-time video imaging, as opposed to the requirement for a time-consuming scanning procedure; backgrounds are minimal as the wave guide only interrogates a boundary layer for signal generation (Fig. 1B) , and paradoxically, high concentrations of unbound colloid have a high absorbency and, hence, actually suppress background scattering from the solution phase.
Although the initial signal develops for 2-3 min before showing saturation, it is not reasonable to assume the dissociation reaction will occur with the same kinetics. Signal generation is dominated by the diffusion of selenium conjugate to the adsorbing surface from the bulk solution ( 20 t,m). In contrast, signal reduction via melting is limited only by the time required for the selenium to diffuse out of the 200-to 300-,um evanescent wave. This process has been accelerated by using forced-air heating and melting for an entire array accomplished in a few seconds with single-base discrimination maintained (D.I.S., unpublished results).
